A major clinical translational challenge in nanomedicine is the potential of toxicity associated with the uptake and long-term retention of non-degradable nanoparticles (NPs) in major organs. The development of inorganic NPs that undergo renal clearance could potentially resolve this significant biosafety concern. However, it remains unclear whether inorganic NPs that can be excreted by the kidneys remain capable of targeting tumors with poor permeability. Glioblastoma multiforme, the most malignant orthotopic brain tumor, presents a unique challenge for NP delivery because of the blood-brain barrier and robust blood-tumor barrier of reactive microglia and macroglia in the tumor microenvironment. Herein, we used an orthotopic murine glioma model to investigate the passive targeting of glutathione-coated gold nanoparticles (AuNPs) of 3 nm in diameter that undergo renal clearance and 18-nm AuNPs that fail to undergo renal clearance. Remarkably, we report that 3-nm AuNPs were able to target intracranial tumor tissues with higher efficiency (2.3× relative to surrounding non-tumor normal brain tissues) and greater specificity (3.0×) than did the larger AuNPs. Pharmacokinetics studies suggested that the higher glioma targeting ability of the 3-nm AuNPs may be attributed to the longer retention time in circulation. The total accumulation of the 3-nm AuNPs in major organs was significantly less (8.4×) than that of the 18-nm AuNPs. Microscopic imaging of blood vessels and renal-clearable AuNPs showed extravasation of NPs from the leaky blood-tumor barrier into the tumor interstitium. Taken together, our results suggest that the 3-nm AuNPs, characterized by enhanced permeability and retention, are able to target brain tumors and undergo renal clearance.
Introduction
The enhanced permeability and retention (EPR) effect of nanoparticles (NPs), initially proposed by H. Maeda and co-workers three decades ago, has been the driving design principle for nanomedicines [1] [2] [3] [4] . Tumor angiogenesis characterized by leaky, dilated microvasculature permits extravasation of NPs, while physical and physiological barriers, including poorly developed lymphatic systems within the tumor parenchyma, retard NP clearance [5] [6] [7] [8] . As a result, NPs can selectively accumulate in tumors at high concentrations (10-50 folds higher than that in surrounding normal tissues within 1-2 days) [9] . However, targeting brain tumors through the systemic circulation is especially challenging. The endothelial tight junctions forming the blood-brain barrier with associated pericyte and astrocyte foot-process coverage represent a formidable physical barrier to NP delivery. These physiological structures effectively lower the cut-off pore sizes for gliomas (U87 MG, 7-100 nm), relative to the same tumors grown in the subcutaneous space (200-1,200 nm) [10] [11] [12] [13] . The targeting efficiency of NPs in intracranial xenograft brain tumors (EPR < 0.1 %ID/g, percentage of injected dose per gram of tissue) [14] [15] [16] has been reported to be much lower compared to that in subcutaneous brain tumors (0.1-1 %ID/g) [17] [18] [19] [20] [21] [22] [23] [24] and other non-central nervous system (CNS) tumors (1-10 %ID/g) [25] [26] [27] [28] [29] .
To date, urinary excretion is believed to reduce the EPR effect of NPs because it might shorten their blood retention [30, 31] . On the other hand, non-specific accumulation of large inorganic NPs in the liver and spleen has severely limited the clinical utility of NPs because of potential health hazards deemed by regulations within the Food and Drug Administration [32] [33] [34] [35] . While this biosafety concern could potentially be solved by developing NPs that are efficiently cleared by the renal route, it naturally raises a fundamental question of whether renal-clearable inorganic NPs still exhibit tumor-selective distribution and long retention via excretion. We recently reported that zwitterionic gold NPs (AuNPs, glutathione-coated) of 3 nm in diameter exhibited typical tumor-targeting behaviors with EPR similar to their larger non-renal-clearable counterparts [36] . The targeting efficiency of renalclearable AuNPs could be further enhanced by increasing their circulation retention time [37] . Because of their ultrasmall sizes, it is critical to investigate whether renally cleared AuNPs would retain the ability to target orthotopic brain tumors, such as glioblastoma multiforme, that are known to have poor leakage [38] .
Here, we report that renal-clearable zwitterionic glutathione-coated gold nanoparticles (GS-AuNPs) with a hydrodynamic diameter (HD) of 3 nm could passively target gliomas with higher efficiency (2.3 times) and specificity (3.0 times, defined as tumor-to-normal brain ratio) compared to non-renal-clearable 18-nm GS-AuNPs. Furthermore, both glioma targeting efficiency studies with inductively coupled plasma mass spectrometry and colocalization of fluorescence images of 3-nm renal-clearable AuNPs and tumor vessels suggested that nearly 56% of the AuNPs could escape leaky brain tumor vessels and enter the tumor microenvironment.
Results and discussion

Preparation of 3-nm and 18-nm zwitterionic AuNPs
The AuNPs to target brain tumors were designed in a spherical shape with the same zwitterionic surface (glutathione) but different sizes. The renal-clearable AuNPs were synthesized by thermal reduction of chloroauric acid (HAuCl 4 ) as reported previously [36] . The non-renal-clearable AuNPs were prepared by solid-state thermal reduction of gold salt with glycine [39] and surface replacement with zwitterionic glutathione ligands. The surface replacement was a rapid process where the thiol (-SH) group of glutathione could instantly form Au-S bonds with the 18-nm glycine-coated AuNPs (Gly-AuNPs). The unique absorbance of glutathione (UV range of ~200 nm) from the 18-nm AuNPs after replacement confirmed the effective surface glutathione coating compared with the 18-nm Gly-AuNPs from UV-Vis absorption measurements in Fig. S2 (in the Electronic Supplementary Material (ESM)). In addition, the 18-nm GS-AuNPs exhibited significantly increased surface charge compared with that of the 18-nm Gly-AuNPs: Nano Res. 2017, 10(4): 1366-1376
The zeta potential of the 18-nm GS-AuNPs was -42.8 ± 1.9 mV compared with that of -15.8 ± 1.6 mV for the 18-nm Gly-AuNPs (Fig. S3 in the ESM) . The renalclearable AuNPs were characterized with a core size of 2.6 ± 0.4 nm based on transmission electron microscopy measurements (Figs. 1(a) and 1(c) ) and HD of 3.4 ± 0.4 nm obtained by dynamic light scattering (Fig. S1 in the ESM), consistent with a previous report [36] . Meanwhile, the non-renal-clearable AuNPs showed a core size of 17.4 ± 2.4 nm (Figs. 1(b) and 1(c) ) and HD of 18.4 ± 3.2 nm (Fig. S1 in the ESM) .
Because of the collective oscillation of free electrons in large AuNPs, the 18-nm AuNPs presented a characteristic plasmonic absorption peak at 524 nm ( Fig. 1(d) ), which was absent in the 3-nm AuNPs. Besides, the 3-nm AuNPs exhibited near-infrared (NIR) luminescent property with an emission peak at 810 nm under excitation at 350 nm ( Fig. 1(e) ), which allowed the in vivo, ex vivo, and fluorescence microscopy imaging of glioma targeting via the NPs.
Comparison of 3-nm and 18-nm AuNPs in glioma targeting, body clearance, and biodistribution
To conduct glioma targeting studies, 73c murine glioma cells (p53
) [40] were implanted and gliomas were developed intracranially in the left hemisphere of mice. The 73c cells are very aggressive glioma cells, and gliomas (2-4 mm in diameter) formed within two weeks in mice transplanted with 10 4 cells. The glioma-bearing mice were intravenously injected with 3-nm or 18-nm AuNPs. At 24 h post-injection (p.i.), the mice were anesthetized and perfusion was performed to remove the AuNPs in the bloodstream before the mice were euthanized. Then the gliomas as well as normal brain tissues (brain region with no gliomas) were collected, and gold concentrations were analyzed with inductively coupled plasma mass spectrometry (ICP-MS).
The two AuNPs showed distinct differences in passive glioma targeting as shown in Fig. 2(a) . The 3-nm AuNPs managed to accumulate specifically in Nano Res. 2017, 10(4): 1366-1376 the glioma through the EPR effect with a targeting efficiency of 0.18 ± 0.04 %ID/g, which was 2.3 times higher than that of the 18-nm AuNPs (0.08 ± 0.05 %ID/g). This was also higher than the passive targeting efficiencies of many other non-renal-clearable NPs, for instance, inorganic (iron oxide) nanoparticles (0.07 %ID/g) [15] and polymeric dendrimers with PEGylated modification (0.14 %ID/g) [14] . Additionally, both 3-nm and 18-nm AuNPs showed very low and comparable accumulation in normal brain (0.015 versus 0.019 %ID/g, respectively) because of the tight blood-brain barrier junction. As a result, the glioma targeting specificity (defined as tumor-to-normal brain ratio) of the 3-nm AuNPs was about 12.0, which was three times higher than that of the 18-nm AuNPs.
The higher targeting efficiency and specificity of the 3-nm AuNPs were mainly attributed to their long retention in blood. From pharmacokinetics study, the 3-nm AuNPs had a longer distribution half-life (T 1/2α = 0.73 h) and elimination half-life (T 1/2β = 8.09 h) than those of the 18-nm AuNPs (T 1/2α = 0.08 h and T 1/2β = 3.81 h) ( Fig. 2(b) ). The area under curve (AUC) of pharmacokinetics for the 3-nm AuNPs (34.2 %ID·h/g) was 2.1 times higher than that of the 18-nm AuNPs (16.2 %ID·h/g), facilitating the extravasation of renalclearable AuNPs from leaky cancerous blood vessels.
Quantitative analysis of renal clearance and the biodistribution of nanoparticles also revealed the disparity in excretion routes between the AuNPs with sizes below and above the kidney filtration threshold (KFT). Because of the small HD below the KFT and resistance to serum protein adsorption, the 3-nm AuNPs were excreted into urine with an efficiency of 52.5 %ID within 24 h (Fig. 2(c) ), which was known as a characteristic feature of renal-clearable AuNPs. In contrast, renal clearance of the 18-nm AuNPs was negligible; only 1.6 %ID was detected from urine at 24 h p.i.
Efficient renal clearance of the 3-nm AuNPs rendered their lower non-specific distribution in major organs than that of non-renal-clearable 18-nm AuNPs. The small 3-nm AuNPs showed fairly low distribution in normal organs (heart, liver, spleen, and lungs, <3 %ID/g) and tissues (skin and muscle, <1 %ID/g) at 24 h p.i., as shown in Fig. 2(d) , whereas the 18-nm AuNPs ended up with massive accumulation at around 70.7 %ID/g in the liver and 25.0 %ID/g in the spleen. As a result, the overall distribution of the 18-nm AuNPs in major organs (heart, lungs, liver, spleen, and kidney) was around 87.8 %ID at 24 h p.i., which was 8.4 times higher than that of the 3-nm AuNPs (10.4 %ID). The considerable uptake of non-renalclearable nanomedicines by these main organs led to short blood circulation time, insufficient tumor targeting, severe body accumulation, and toxicity concerns.
To understand the origin of such difference in the clearance pathways of the 3-nm and 18-nm AuNPs, more fundamental in vitro studies were conducted. In addition to the same spherical shape, metal core composition, and identical zwitterionic glutathione coating, similar surface charges were also confirmed with zeta potential measurements. Both the 3-nm and 18-nm AuNPs were negatively charged at physiological pH (7.4) and their zeta potential values were -38.5 ± 1.9 and -42.8 ± 1.9 mV (Fig. 2(e) ), respectively. Moreover, the 18-nm AuNPs exhibited strong affinity to serum (fetal bovine serum, FBS) proteins and formed large aggregates (dark blue color inside the rectangle in Fig. 2(f) ) from the gel electrophoresis study, which led to rapid uptake by the mononuclear phagocyte system (MPS) and limited circulation time in the body. Similar results were also reported previously: the GS-AuNPs with HD above 6 nm exhibited high affinity to serum proteins, significantly increased overall sizes, and severe accumulation in the major organs [41] . A possible reason is that the particle curvature might change the conformation of glutathione on the particle surface and affect the charge distribution as well as interactions with serum proteins. Meanwhile, the 3-nm AuNPs showed fairly stable properties and were of a desirable size for renal clearance in physiological environments. Therefore, prolonged blood circulation could be achieved with the 3-nm AuNPs as compared with the 18-nm AuNPs. Additionally, we recently reported that ultrasmall metal NPs with higher density (AuNPs) can marginate more rapidly to the blood vessel walls; as a result, in the laminar blood flow, the AuNPs have long blood retention, which allows them to accumulate in tumors more efficiently [42] .
Visualizing the glioma uptake of renal-clearable AuNPs
A unique strength of the 3-nm AuNPs is their near-infrared luminescence with excellent photostability, which allows their accumulation in gliomas to be tracked in vivo, ex vivo, or with fluorescence microscopy. For advanced intracranial gliomas with large size (>5 mm), selective accumulation of the 3-nm AuNPs in gliomas can be directly seen by invasive in vivo imaging at 24 h post-intravenous injection (Fig. 3(a) ). With the removal of skin above the mouse skull, the glioma-bearing brain showed intense signal after AuNP injection compared with the control glioma-bearing brain without AuNP administration. It should also be noted that the reason for using light excitation at 470 nm is that the large Stokes shift of these NIR-emitting AuNPs allows us to minimize potential interference from autofluorescence in the tissue background. However, the limited penetration depth of 470 nm is also a major roadblock in their potential applications in clinical settings, which needs to be further addressed in future studies.
Glioma targeting was further confirmed in ex vivo imaging (Fig. 3(b) ), where the AuNP signal in gliomas increased specifically and significantly. The area in the left hemisphere was identified as a malignant glioma due to abnormal vasculature, as indicated by optical photos in Fig. 3(c) . For the control brain without AuNP administration, the tumor area (in the circle) appeared to be slightly darker than the unscathed brain (right hemisphere), which resulted from light absorption by the tumor vasculature.
For less advanced small gliomas (2 to 5 mm) embedded in deep brain locations below the cerebral cortex, little positioning information of these gliomas can be provided by whole-brain ex vivo imaging because of the limited tissue penetration depth and autofluorescence interference (Fig. S4 in the ESM) . Therefore, horizontal brain tissue sectioning (2 mm in thickness) was performed and fluorescence images were collected as shown in Figs. 3(d) and 3(e) . The tumor area was readily recognized from the brightfield images (Fig. 3(e) , lower row), which was also confirmed by nuclei staining with Hoechst 33342 (Fig. 4(a) ). The fluorescence signal of AuNPs in the Nano Res. 2017, 10(4): 1366-1376 tumor area was analyzed and the cortex area was chosen as a control because of its low, stable fluorescence without interference and inconsiderable AuNP accumulation. With the analysis of tumor/cortex (T/C) fluorescence ratio in Fig. 3(f) , the AuNP signal in the tumor area increased 4.6 times from 0 (control) to 24 h p.i. This confirmed the features of the 3-nm AuNPs: significant extravasation from blood-tumor barrier into entire tumor and high-specificity targeting.
Fluorescence microscopy imaging provided more information about the extravasation and permeation of AuNPs in the glioma environment. As shown in the images of the tumor/adjacent brain margin (Fig. 4(a) , first row), the cells were readily identified by nuclei staining (Hoechst 33342, colored as blue) and the glioma cells in the tumor area were of distinct density because of their high proliferation rate as compared with cells in the cerebral cortex (Fig. 4(a), second row) . In the meantime, the blood vessels were stained with TexasRed-labeled tomato lectin (pseudo green color). The near-infrared signals, recognized as AuNPs, were strong in the glioma area and weak in the cerebral cortex. The merged images showed that the AuNPs mainly accumulated around blood vessels in the gliomas and likely diffused into the tumor interstitium. The AuNP signals disappeared at the distinct margin between the gliomas and the adjacent brain areas. In contrast, the cerebral cortex showed insignificant AuNP signal. To further confirm the observation of AuNP extravasation from glioma blood vessels, we analyzed the signals of AuNPs (NIR) and blood vessels (TexasRed) at the glioma vasculature cross-sections (in terms of full-width half-maximum, FWHM). The ratio of FWHM AuNPs /FWHM Vessels in the gliomas was 1.80 ± 0.55 while this ratio was 0.91 ± 0.04 in the cortex. This difference further suggested that AuNPs diffused into the glioma interstitial space from vascular structures. This evidence was also consistent with our glioma targeting result of the 3-nm AuNPs without perfusion: As shown in Fig. S5 (in the ESM) , 56.2% of the 3-nm AuNPs were found to remain in the gliomas after perfusion. Combining these results, the 3-nm AuNPs can cross the glioma blood vessels and enter its microenvironment, consistent with the high specificity of the 3-nm AuNPs in passively targeting brain tumors.
Conclusions
In summary, using a murine glioma model with poor vascular permeability, we investigated passive glioma targeting of renal-clearable AuNPs. As a control, glioma targeting of non-renal-clearable AuNPs was also investigated under the same condition. Our results showed that renal-clearable AuNPs still targeted gliomas with much higher efficiency and specificity through the EPR effect than the non-renal-clearable NPs did, which was mainly due to their long retention time in the blood stream even though they were eventually eliminated through the kidneys rather Nano Res. 2017, 10(4): 1366-1376 than through the MPS. In addition, these ultrasmall AuNPs could take advantage of the vascular leakage of gliomas to enter the glioma interstitium and were retained in gliomas for a long period, as indicated by fluorescence co-localization studies of renal-clearable AuNPs and blood vessels and ICP-MS analysis of glioma targeting with or without perfusion. As a result, high-contrast fluorescence imaging of gliomas was achieved. These results suggest that renal-clearable AuNPs with high glioma targeting specificity and high contrast as well as low non-specific accumulation may serve as a new-generation contrast agent for early brain tumor detection once they are integrated with nuclear imaging techniques used in the clinics [43] and their toxicology in large animals is fully unraveled. In addition, it will be also interesting and very important to further understand whether the heterogeneity of blood-tumor barrier properties in different subtypes of gliomas induces different NP accumulation in vivo and whether it can facilitate drug delivery to gliomas since the blood vasculature shows heterogeneity in different gliomas (astrocytomas, oligodendrogliomas, etc.) [44] as well as different locations of tumors (from tumor core to invasive peripheral regions) [45, 46] . 
Experimental
Preparation and characterization of AuNPs with different sizes
The renal-clearable glutathione-coated AuNPs were synthesized according to a reported method [36] . Briefly, a solution containing HAuCl 4 (3 mM) and glutathione (2.4 mM) was heated at 95 °C with vigorous stirring for 35 min. With centrifugation at 21,000g for 3 min, the supernatant with NPs was collected. The NPs were precipitated with the addition of ethanol in the solution for further purification. The AuNPs suspended in phosphate buffered saline (PBS) were purified with size-exclusion column (Sephadex) and stored in the fridge before further study.
The non-renal-clearable AuNPs were synthesized by solid-state thermal reduction of gold salt [39] and surface replacement. Firstly, 1.8 mL of aqueous solution containing 250 mg of glycine and 13 mg of potassium gold chloride was evaporated and then the mixture in solid phase was thermally reduced at 195 °C and redispersed with 1 mL of deionized water. The suspension was collected by centrifuging at 4,000g for 2 min to remove any large aggregates. The AuNPs in the suspension were then precipitated by centrifuging at 7,000g to remove small NPs, free ions, and glycine. The purified glycine-stabilized AuNPs were washed twice and dispersed in sodium borate buffer. By the neutralization of solution and addition of 10 mM glutathione with stirring for 15 min, the AuNPs with replaced surface were purified further with a centrifugal filter (molecular-weight cut-off of 50 kDa). The AuNPs were dispersed in PBS for further study.
The size distributions of AuNPs were analyzed by high-resolution transmission electron microscopy (JEOL 2100, 200 kV). The HD of the NPs was obtained with a Brookhaven 90Plus Dynamic Light Scattering Particle Size Analyzer. The absorption spectra were collected using a Varian 50 Bio UV-Vis spectrophotometer. The excitation and emission spectra of the luminescent AuNPs (3 nm) were acquired using a PTI QuantaMaster TM 30 Fluorescence Spectrophotometer (Birmingham, NJ). Zeta potential values of the NPs were analyzed with Brookhaven ZetaPALS zeta potential analyzer.
Construction of murine glioma model
The animal studies were approved by the institutional animal care and use committee at the UT Southwestern Medical Center and UT Dallas. The nude mice (nu/nu, wt: pink/black, ~20 g, 6-8 weeks old) and balb/c mice were housed in ventilated cages under standard conditions. The 73c glioma cell line was cultured in Dulbecco's modified Eagle medium (DMEM) with the addition of 10% (v/v) FBS and 1% (v/v) penicillinstreptomycin at 37 °C . To implant the tumor, a suspension containing ~10 4 cells in 2 μL of DMEM (with 10% FBS) was injected into the left hemispheres of the mice. The gliomas were allowed to grow for two weeks and the body weight and mobility of the mice were monitored during the glioma growth.
Glioma targeting, pharmacokinetics, biodistribution, and renal clearance study
AuNPs with different sizes in 200 μL of PBS were injected into glioma-bearing nude mice (n = 3, Foxn1 nu ) via the tail vein. The gliomas, normal brain tissues, and other organs and tissues were collected, weighed, and dissolved in aqua regia. Gold concentrations in organs and tissues were measured by ICP-MS. The urine was also gathered within 24 h, dissolved in aqua regia, and analyzed by ICP-MS. Pharmacokinetics study was conducted with balb/c mice and blood samples were collected at different post-injection time points and analyzed by ICP-MS.
The in vitro serum binding of the 3-nm AuNPs and 18-nm AuNPs was performed by incubation of (1) 3-nm AuNPs, (2) 3-nm AuNPs + 10% (v/v) FBS/CBB, (3) 18-nm AuNPs, (4) 18-nm AuNPs + 10% (v/v) FBS/ CBB, and (5) FBS/CBB in PBS at 37 °C for 1 h followed by agarose gel electrophoresis analysis for 30 min.
Invasive in vivo and ex vivo imaging
The invasive in vivo imaging of mice (at 0 or 24 h p.i.) and ex vivo imaging of whole brain and brain slices (at 24 h p.i.) were performed using the Carestream Molecular imaging system In-Vivo FX PRO (US) (ex: 470/10 nm; em: 830/20 nm; exposure time: 2 min). The invasive in vivo imaging was conducted by removal of skin above the mouse skull; the ex vivo imaging Nano Res. 2017, 10(4): 1366-1376 was performed with the whole glioma-bearing brains and cross-sectional brain tissues (2 mm in thickness) sliced with mouse brain matrix.
Fluorescence microscopy imaging
The fluorescence microscopy imaging was performed using an IX-71 inverted microscope (Olympus) with a 40× objective lens and a Photon Max 512 CCD camera (Princeton Instruments). The excitation filter, emission filter, and exposure time for acquiring the fluorescence images were as follows: Hoechst 33342, ex: 350/50 nm and em: 500/2 nm, 100 ms; TexasRed, ex: 560/50 nm and em: 645/75 nm, 100 ms; NIR-emitting AuNPs, ex: 420/40 nm and em: 780(LP) nm, 500 ms.
The brain slices with gliomas were collected at 24 h p.i. and fixed in 4% paraformaldehyde in PBS. The tissues were sliced into sections that were 80 μm in thickness using a vibrating microtome (Leica, VT1000S) and further stained with Hoechst 33342 and TexasRedlabeled tomato lectin. The stained tissues were mounted on microscopy slices before analysis by fluorescence microscopy.
